COLORADO

Department of Transportation

o\ 4

Applied Research and Innovation Branch

GEOSYNTHETIC WALL PERFORMANCE:
FACING PRESSURE AND DEFORMATION

Peter Hoffman, Research Professor
Jonathan Wu, Professor of Civil Engineering
University of Colorado Denver

Report No. CDO2017- 03
February2017



The contents of this reportflect the views of the
authors, who areresponsible for the facts and
accuracy of the data presented herein. The contents
do not necessarily reflect the official views of the
Colorado Department of Traoertation or the
Federal Highway Administration. This report does

not constitute a standard, specification, or regulation.



Technical DocumentatioRage

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.

CDOT-2017-03

4. Title and Subtitle 5. Report Date
GRS Wall Performance: February 2017

Facing Pressure and Deformation

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Peter Hoffman and Jonathan Wu CDOT-201703
9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

Reinforced Soil Research Center
Department of Civil Engineering

University of Colorado Denver 11. Contract or Grant No.

CB-113, 1200 Larimer Stet, Denver, CO 80217 214.6b

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
Colorado Department of TransportatioResearch Find Report

4201 E. Arkansas Ave.

Denver, CO 80222 14. Sponsoring Agency Code

15. Supplementary Notes
Prepared in cooperation with the US Department of Transportation, Federal Highway Administration

16. Abstract

The objective of the study was to validate the performance of bldeked Geosythetic Reinforced Soil
( GRS) wal l and to validate the Col orado Depart
block connection focloselyspaced reinforcemerdefined in report FHWAHIRT-11-026.

Contraryto conventionawisdom,the GRSwall measurementsf this study demonstratetthat facing pressure
decreaseasloadincreasesThis counterintuitive factis due to the decreaseof compactioninduced stress
(CIS) with increasedoad. Thereforeif a GRSwall survives compaction, gurvives indefinitely.

Implementation

Pilot specifications for projects selected by the CDOT Bridge Design and Management Branch and alloy
CDOT Regions for trial or demonstration must be developed specifically for each experimental GRS wa
construction project. Continued successful application of pilot specifications that waive the use of positive
facing connection for closelgpaced reinforcement in GRS design and construction will generate significal
support for their acceptance.

17. Keywords 18. Distribution Statement

reinforced soil, geosynthetic, GRS, closspaced, |Thi s document i s avail a

facing pressure http://www.coloradodot.info/programs/research/pdfs

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 75

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized


http://www.coloradodot.info/programs/research/pdfs

CDOT/FHWA RESEARCH STUDY PANEL

Daniel Azamorai FHWA Resource Center/Colorado Division
Roberto DeDiog§ CDOT Applied Research and Innovation Branch
Matt Greeri FHWA Colorado Division

Richard Griffin- CDOT Applied Research and Innovation Branch

Jay Hendricksoil CDOT Region 1 Design and Consttion

Roman Jauregui CDOT Region 1 Design and Construction

Aziz Khani CDOT Applied Research and Innovation Branch

llyess Ksourii CDOT Materials and Geotechnical Branch

Tawedrose MeshesliaCDOT Bridge Design and Management Branch
Ty Ortizi CDOT Mateials and Geotechnical Branch

Larry Quirki CDOT Region 1 Design and Construction

David Thomag CDOT Materials and Geotechnical Branch

Shi ngChun A/ TCROT 8ridge D¥gmymand Management Branch



EXECUTIVE SUMMARY

The objective of the studyas to validate the performance of blockadedGeosynthetic
Reinforced SoilGRS)wa | | and to validate the Col orado
(CDOT) decision to waive the positive block connection for closgsced

reinforcement

Chapter 3 compaseestimates and measurements for the instrumentedv@mRén F70
over Smith Road. For simple access to this report, the reader can proceed directly to
Chapter 3. As a research report, the theoretical development of Chapter 2 verifies and

validates the aalytical approach employed in Chap8r

Contrary to conventional wisdom, the GRS wall measurementsof this study
demonstratedhat facing pressuredecreasess load increasesThis counterintuitive
fact is due to the decreaseof compactioninducedstres (CIS) with increasedoad.
Compaction'sffectis eventuallylost beforeultimate capacity,but thesemeasurements
revealthat CIS decreasesearly linearly as load increasesTherefore,if a GRS wall

survives compaction, it survives indefinitely.

Compation is a temporaryload, but a componentof facing pressurdas dueto long

term deacdandlive loads.For GRS walls, with their closelyspacedeinforcementthis
components shownanalyticallyto be about12 psf, which is much smallerthan 144

psf of averageClIS left by a plate compactor.Both analysisand laboratorydatashow
thatload-based facing pressure is present in GRS walls, but it is small and hidden by
CIS.

The above attribute makes GRS walls appealing. When load exceeds a certain value
(qut) which is the factored ultimate capacity of a vertical reinforced soil wall with a
level crestthis GRS attribute is lost. According to both analysis and laboratory data,
facing pressure then surges to the Rankiressure.



While this report addressesction-connected block facing, it is also applicable to the
two-stage facing that has become popular. The-dtage method attaches concrete
panels to a wirevall. The method interferes minimally with earth moving operations,
and it enables a nicely finisd appearance. Soil mechanics indicates that GRS behavior
prevents soil plasticity in the core of the soil layer and thereby improvestdang
performance. Reinforcement must be closely spaced, or more precisely, thef ratio

spacing to aggregate size nahexceed a threshold value

Finite element analysis, with PLAXIS, was useful in this report. First, it was used to
verify hand calculations for simple soil structures. Second, it was used to study
geometric changes, for example, reduced deformation dufetageometry ofan
embankment.The GRS Wall of this study functions in the elastic regime, where
finite elementanalysisis mostaccurate.The elasticconstantfor the finite elementsoil

modelis taken from tk hand calculation in Appendix.G

Finally, a GRS designcan be createdwith the addition of secondaryreinforcement
or tails. Although secondaryreinforcementwas not employedon this project, it is

discussed in Appendix.K



Implementation Statement

This project validates the analysis of Wu angidRa (2014) that asserts the adequacy of
friction-connected eighinch blocks when the reinforcement is between every block
course. Thus, the requirement for positive facing connedtorthe design and
construction of GRS wallsan be waivedby CDOT in thesesituations.To completely
implement this finding, responsible staff personnel from CDOT Bridge Design and
Management BranclCDOT Materials and Geotechnical Branch, Regions and CDOT
Specifications Unit andtechnical committees involved in highway designd
construction need to collaborate in developing pilot specifications and/or special

provisions that do not require positive facing connection for GRS walls.

Pilot specifications for projects selected by the CDOT Bridge Design and Management
Branch ad allowed by CDOT Regions for trial or demonstration must be developed
specifically for each experimental GRS wall construction project. Continued successful
application of pilot specifications that waive the use of positive facing connection for
closelyspaced reinforcement in GRS design and construction will generate significant
support for their acceptance. A proven record of good field performance of constructed
GRS walls without positive facing connection will help establish the required project
specid provisions. The routine and losigrm use of these special provisions in future
projects with GRS components will eventually lead to the development of the

appropriate CDOT standard specifications.



NOMENCLATURE

symbol

Dmax

Es
Er
H
K
Ka
Kp
Ko
Krace
Lo
M
P
Pa
q
Quit
Qu It

definition

largest partle diameter in a homogeneous aggregate

100Kp (pa 0H)*2, compressiveéroung's modulus for a reinforced soil layer
Ti/(Gk Sv), tensile Young's modulus for a reinforced soil layer

height of reinforced soil structure

O / Qv

Us/ 0n = tan?(45° - 1 /2), plasticyield criterion foranaggregate

0/ 0s = 1/Ka, plasticyield criterion for an aggregate

K at restwhich can be significantly increasbgt compaction

K at the face, distinguished froknin interior of the soil lagr

optimal lift, associated with optimal compaction induced stisgss,
K/Ka, sometimes calledhobilizationin journals

line load (e.qg., Ib/ft) due to roller compactor

atmospheric pressure

load

maximum load or capacity achievable waith facing

Kp Ti/Sy, maximum load or capacity achievable with incremental facing
compaction induced stress (CIS)

optimal compaction induced stress, associated with optimdldift,
vertical spacing of reinforcement

tension in reinforcemnt

tensile strength of reinforcement (ASTM 4595)

tension in reinforcement that reflects AASHTO load factors
qui/Qurt, value ofa-associated with elastglastic transition of soil layer

weight density of the saill

horizontalor lateral strain

vertical strain

strain in 3rd directiony = U for pier; (= 0 for plane strain)
reinforcement strain at rupture (ASTM 4595)

0/Qutt , load factor

Poisson's ratio, approximately 1/3 for common aggregates
horizontalor lateral stressvhich hasmax min, andavgvalues
verticalstress

stress in 3rd directionli= Cx for pier; plane straidy for wall or abutment)
major and minor principal stresses

angle of internal friction othe soil
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1.INTRODUCTION
The objective of the study is to validate the performance of blefdati GRS wall €70

over Smith Road, Auror a, Col orado) and

positive block connection for closegpaced reinforcement.

AASHTO (2012)asserts thalmax = U1 Sy, whereln may involve load factors greater
than oneBecausdly /0h OKpand Tmax O Ty, it follows algebraically thathe load always
satisfiess, £K.s,, =K. T . /S, £K,T, /S, and that its maximum vaé, within a

vertical reinforced soil wall with a level crest, canarteed

qult =K (1)

Tf
"s,
where Tr = tensile strengttof reinforcement per unit widfhS, = vertical spacing of
reinforceement, andkp = coefficient of passive lateral ¢apressure = t&if45° + - /2) for
an aggregatéHoffman and Wu 2015, Hoffman 2015, Hoffman 2016, Elmagre and
Hoffman 2016. Appendix A validates Equation (1)ptvever, he reader is cautioned by

Mr. Alzamora of FHWA that this equation may not be aceeépy some organizations.

In 2011, FHWA published FHWAIRT-11-026, Geosynthet Reinforced Solil Integrated
Bridge System Interim Implementation Guiffedams et al. 2001 For short, the
publication is often called the "GR®S Interim Guide." Paralleling the AASHTO
approachthe giide replacesin by the factored loadi / W, which reflects increased
stresdn soil near the reinforcemeranddecreasesstimatedapacityto

T
qult = VVKP gf (2)



Henceforth, Iy Q and smallg are used hene for the largewvalueand smaller valughat
is, for Equation (1) and Equation (2), respectivelyhe difference isthe W-factor.
Reinforced soil'sW-factor is nearly identical to steelld-factor for shear lag (AISC
2011). Stee| concreteand all other construicin materials exhibit shear lathat is, U

decreases with distance from the beam web or soil reinforcement.

Both Equations (1) and (2) provide accurate estimates of real behavior, but careful
interpretation is necessarylhe smaller value, Equatiof2), represents transition from
compositebehavior to decoupled behavievhich isassociated with bulging, creep, and

long-term instability. These phenomena affect facing pressure, the subject of this study.

At the smallervalue, the pressure coefficient at thiace reaches its maximum. The
movement of soil toward thiaceis aresult ofan observalg"transitior’ from composite

to decoupled behavior.

In summaryEquation (1) andui correspond to capacity with a robust facing. Equation
(2) andqui correspond to unfaced capacity. Wu and&ay(2014) provide criteria for
robust facings in common GRS constructigkssume that the face is vertical and

frictionless and that any surcharge is horizontal.

The value of the pressure coefficient at thee can befound by hand calculation. The
coefficient is alsorelated to deformation, both stic and plastic. The latter is simply

permanent deformation, which is not recovered if a load is removed.

Section 2 of this report provides analysisSection 3 applies the analysis to the

instrumentedsRSwall. Section dbffersConclusions and Recommendations.



2. ANALYSIS

2.1 Capacity

2.1.1Transition

In 1923, von Karman investigated shear lag in wideged steelbeams (Timoshenko
1970. During beamflexure, material at the flange tip is les$eefive than material near
the web. This is depictenh Figurel. Shear lag is determinedylthe dimensionless
parameterw/t = ratio of width over thickness for the flange.

Figure 1. Shear lag in beam flange

In reinforced soil, material at midyer is stressed less than material near the

reinforcement. This is indicated in Figure 2, borrowing the stress curve from Figure 1.

Figure 2. Shear lag inreinforced soil layer

For reinforced soil capacity,gdation(2) can be derived frorthe Drudker Lower Bound

theorem in plasticity.The derivation usethe definition



W=— 3)

where the minimum and average values are taken from the distribution of horizontal

stresdly in the soil layer, Figurg.

Transfer of sheahrough the soil layer is governed by the largest soil particles when the
grain size distribution is smoottDmax is the diameter of those particles. As with steel,

shear lag of reinforced soil is aldetermined by a dimensionless parame&@Dmax

Application of Equatior(2) requires arestimate o#V, which is available asfarmula,

S
W=07 /o0 4

or as its graph (Wu et al. 2010, Wu and Pham 2013),

1.0
09
0.8
07
0.6
W os
0.4
03
0.2
0.1
0.0

Su/Dimax

Figure 3. W versusSv/ Dmax

FHWA conducted a sequence of performance tditsks et al.,2013) This sequence
involved pairs, faced and unfaced,test piers as shown in Figude Equation (1) and
Equation (2) correspond to faced capacity and unfaced capacity, resyedthaziefore,

Wi s the ratio of unfaed capacity to faced capacity; thatWé= quit / Quit.



Figure 4. Pair of FHWA performance tests: (a) faced, (b) unfaced

Capacity ratiogor faced/unfaed pairs are listed in Tabfe

Table A. Capacities and Ratios folFHWA Test Piers

FHWA Test Pairs Sv/Dmax unfaced capacity(psf) faced capacity psf) ratio W

TF11/TF12 4 23,249 29,030 0.80
TF3/TF2 8 17,491 25,260 0.69
TF13/TF14 12 12,960 23562 0.55
TF10/TF9 16 10,330 22,310 0.46

As compelling evidence of thdacing effect on capacitylFigure 5 comparescalculated
and measurerhtios The friction angle has nceffect m the ratio.
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Figure 5. Comparison of FHWA geosynthetic test data with Pham's Equation (4)

For granular soiithout cohesionEquation(2) estimateshe load (v, where

== ©
Sy Kp

That is, the core of the reinforced soil layer fails in accord with Rankine théother
words, the core of the reinforced soil layer fai&oil and reifiorcement no longer act as
a composite.Transitionis this failure of the soil core.

2.1.2Finite Element Verification of W
In Figure 6, a easy finite element verification ¥ simulates reinforcement by applying

shear stress to the tapd bottom of aube of soil.

(@) (b) (c)

Figure 6. (a) Nonuniform horizontal stress distribution induced by shear, (b)
enlargement of corner where shear stress is greatest, and (c) graphtbé resulting
horizontal stressdistribution, which resembles a parabola

The horizontal stress distribution in Figure 6 resembles a parabola.WAadhe ratio of
minimum and average values. This resemblance persists until the transition load,

Equation (2).



PLAXIS 8.2 was used fahe finite element analysis.

2.1.3 Facing Pressure and Transition

At transition, the core of the soil layer fails, beees plastic, and moves. If facing is
presentthe soilmovesagainst itand facing pressure increaseseldv the transition load
of Equation (2), there is no significant movement. Moreovdrere is no significant
facingpressure below the transition load. THEsil plug” concept is devebed further in

Section 2.3.

2.1.4Validation forTransition

Case studies confirnmovement fdbwing transition.

CDOT/CU DenverCreep Testsin 1996, CDOT funded a study odinforced soilcreep

with CU Denver. Tests were designed by Wu and conducted by Ketchart (Ketchart and
Wu 1996). This20-yearold CDOT report cannow be re-interpretedusing shear lag.

The sequence involved ten tests, but twoasicularlyrelevantto transition Test R1
involved a granular soibnd Test € involvedclay. Both were loaded to 15 psi (100

kPa). TableB lists parameters of the two tests.

Table B. Parameters ofCreep Teds R-1 and G2

aggregate(R-1) clay (C-2)
Dmax/ Dso 1inch/0.035inch 0.2 inch/ 0.004 inch
large grain diameter (0.0254 my 0.0009m  (0.005 m/ 0.0001m)
. 131° 231°
soil friction angle
Tt 4800 Ib/ft 4800 Ib/ft
tensile strength (70 KN/m) (70 kKN/m)
Sv 24 inches 20inches
vertical spacing (0.6 M (0.5m)

hased on triaxial tests
’hased on Pl = 11 (Terzaghi et al., 1996)

Except forsoil grain diameterDmax the two tests were identical. The transition load,
Equation(2), was slightly exceeded by aggregatel(fbut greatly exceeded by clay {C

2). Both exceeded the transition load, and baffegenced creep. However, clay-2C



greatly exceeded theamsition load, and accordingly, experienced much more creep than

aggregatéR-1).

Creep ofGW35 (Japan).In 1990, Japan's Public Works Research Institute (PWRI) built
It is geosynthetiowall, called GW35 in the literate

a 4.5 m (14 ft) high test wall.
(Bathurst et al., 2008). It hadevel soil surcharge 0.5 m (1) high. TableC lists its

parameters.
Table C. Parameters for GW35 (Japan)
L
e 24°
soil's friction angle
Sv 1.0m
vertical spacing (3.3 1t)
Tt 59.8 kN/m
tensile strength (4100 Ib/ft)
Dmax 1 mm
large grain diameter (0.04 in)

At mid-height, selweight slightly exceds the transition load. Correspondingly, GW35
exhibits creep that has been monitdi@dmore than a decade.

2.1.5Capacity Axis
The four @ses of creep from Sectionl2d can be arranged on a single "capacity axis,

Figure 7, relative to the spaciAgased or transition capacity and the fadiaged

capacity. Thdacingbased andpacingbased capac#s are defined by Equatio(is) and

(2), respectively.GW16 is discgsed in Section 2.5.

s
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Figure 7. Loadsrelative to the capacities defined by Equationgl) and (2).



This capaity axis characterizes behaviaf reinforced soil structures.Section 2.2
discusses deformation, which presents the dppity for anothe axis andfor further

characterizationf reinforced soil behavior

2.2 Deformation

2.2.1Deriving K/Ka from Hooke's Bw
The American Association of State Highway and Transportation Officials (AASHTO)
presents as in Figure 8yeinforced soil guidance iterms of a normalized pressure

coefficient versusoil depth (Allen et al2001, Anderson et al. 2012).

KIK ,
3 L
I~
oy
24 ™
~
~

1 N = o - - - -
20 ft soil depth
(6m)

Figure 8. AASHTO Simplified Method for reinforced soil wall of welded wire fabric

The invariant pressure coefficiekih = Us/Ch uses principaltsesses, an& = Un/lv uses
stresses in the horizontal and vertical directiogiting K/Ka is cumbersomeandit is
denotedM for mobilized reinforcement strength (Yang, Bathurst, and Zornberg 2010).
Then,

K=MK, (6)

BecauseKa involves principal directions anld involves gravityaligned directionsM

represents a rotation or change of direction.

In the horizontal or xdirection, Hooke's law is

exzé(sx- n(sy+sz)) )



Application of Hooke's law requires that the mediura blastic, isotropic, and
homogeneous. Hse requirements asatisfied for reinforced soil:
1 homogeneousanengineered filis tumbled before it is placed.
9 isotropic- at a microscopic level, soil is extremely directional or-ismiropic.
By the statstical law of large numbers, these directional biases cancel at a
macroscopic level.
1 elastic- aggregates are elastic in compression, and compacted reinforcesdrsoil

compression due to compactiorduced stress (CIS).

From Equation 7), Appendix Bdeiives an equation forM = K/Ka in the case of an

FHWA pierand an aggregate.

K .
M :—"E (FHWA pier)8)
2+3W %
Er
where thanodular ratio involveg&s = Young's modulus for the reinforced soil composite
in compressiopandEr = Young's modulus for reinfoed soil composite in tensiofks is

determined byoil only, andEris determined byeinforcement only.

2.2.2K/Ka Axis (Quad Chary
Guided bythe AASHTO plot of Figure 8 a useful charshowsK/Ka versus capacity.
This is Figure9.

The right bomdary representthe ultimate capacityof Equation(1). For steel, it is the
seemingly unfamiliar curve at the upper right of the chart. In facthsthe mostused

because the curve represeg&a anda family ofvaluesfor K/Ka> 1.

The top bandary,Kr/2, follows from Equation&) when the reinforcement is extremely
stiff.

1C
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Figure 9. After the AASHTO plots of Figure 8

The bottom ais is the load fractions; relative to the capacity determined by Equation

(1). The capacity axisf Figure7 can begeneralized to this chart by drawing a vertical at

a=W. Theverticalline corresponds to Equati@®), and the new chart is Figui@.
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gl M)(T’/Sv)
28
85
Q- -
2 o 5

40 048 056 064 072 080 088 096

spacing q,, = WKpT{/S,, _T

' load fraction, A = q/ Q

i Q= KpTdSy _T

Figure 10. Quad chart for a soil reinforced with geosynthetic or with steel
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The chart has four quaaiits (a "quad chart”) divided by a vertidAtline, and the
horizontal line atK/Ka = 1. The vertical represents transition, and the horizontal

represent®Rankine(K = Ka) solutiors.
Appendix DcalculateK/Ka at Points A, B, B', and C.

FigurelOillustrates several key points:

1 Steel reinforced soiltypically exhibits elastic behavior whereas geosynthetic
reinforcedsoil exhibts plastic behavior.

1 Longterm instabilities, such as bulging or creepcuron the right side othe
transition oM\-line, given byEquation(2).

 Extensibility G plays a critical role in behavior, yet it is seldom weibwn or
well-specified. Extensibility is reinforcement strain at ultimate strentjtenters
Equation 8) asEr = T¢/((k S) = tersile stiffness of the coposite, as shown in
the AppendixB.

1 Facing pressuris far less with geosynthetics than with steel.

Deformation, both plastic and elastic, is relateKitiia. Plastic deformation, which is
determined from plasticity theory, can be obtained from FiguréHoffman and Wu

2015). Compaction and batter camtroland eliminate plastic deformation.

Mobilization, M
09 08 07 06 05 04 03 02 01 O
0%
-2%
-4%
-6%

-8%

vertical strain, g,

-10%

-12%

Figure 11. Plastic strain as a function ofM = K/Ka

12



Elasic deformation is obtained frorks, Young's modulus for the seikinforcement
composite in comression. Thevalueof Esis found during the calculation 8/Ka; thus,
it is highlighted in Appendix PTable L

2.2.3 Verification by Finite Element Analysis

Appendix J contains color images of finite elemefE) solutions for theGRS Wall
project. Finite element analysis is used to verify aspectb@fitand analysis of Sections
2.1 and 2.2 In particular the distinctve curve of the quad chart shows a relationship
betweenK/Ka and load. By Section 2.4he relation between load and strain isrlyea
linear. As a consequence, the relation betwéBtn and strain should resemble the
"swoosh curve'relation betweerk/Ka and load. This is verified by the finite element

results shown in Figurg&2.

® FE (16")
AFE (8")

0% 1% 2% 3%
horizontal strain (%)

Figure 12. FE verification of quad chart curvesin Figure 10:
'K/Ka vsstrain' resembles K/Ka vs load.

For Figurel2, the solution process replaced the facing element by a facing pressure. A
constant load was applied, and deformation was computed for several facing pressures,
0. So, deformations are obtained for several valués=o€in/0v. PLAXIS 8.2 was used

for the finite element analysis.
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In Appendix D a system othree equations used to calglate points on the quad chart.
This systentan be approximated liye single equationK/Ka = (Kp/2)/(1+céq), whereq
is the load. For a quad chart, the idistive curve of a reinforced soil structusethe plot
of an equationcharacterized by only. As seen in Figure 10each structure has two

curveswhich are separated by transition of soil in the core of the layer.

Unfortunately all finite element software hdisnitations; for example, there is
1 noobviousway to accommodate soil sirdag(grain size) or compaction
1 ill-conditioning or stiffness instability whé€/Ka > 1.6
1 instability due toolastic slip anatlement distortion whek/Ka < 0.8

2.24 Validationfor Quad Chart
Quadrants of thejuad chart can be numberad in trigonometry Tha numbering is

shown in Figurél3,

composite | decoupled
elastic ,|, elastic

composite 3| *decoupled
plastic plastic

Figure 13. Numbering of quadrants

First Quadrant. Because of its failure curve, the first quadrant appears strange, but it is
closest to existing methods, typified bge ofK, in Equation(1). For steel reinforag
soil, capacity involves division bi where K > Ka, and the curve results fromath

division.
Poorlybehaved steel reinforced soil structures lie in the first quadreot.validation,

consider asteel strip wall constructed at Vicksburg. In theeliiture, it is known as SS3
(Allen et al.,, 200} As indicated in Figurel4, failure of SS3 coincides with the
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quadrant's failure curveK = K, agrees well in this case. SS3 was builtoafsesand,
whereKo, = 1-sint is most applicable (Jaky 1948More generallyK can be computed

as inAppendix D

Prior to failure, SS3 experienced "significant bulging,” which is consistent with having

long-term instabilities for loads exceeding Equat{@h

facing- based
(decoupled)

B Vicksburg/SS3

q‘, =
(&)/M)(T/S ’

Figure 14. Failure of SS3 lies on the quadrant's féure curve.
ASgni ficant bulgingo preceded fail

Second Quadrant. Well-behavedsteel reinforcedsoil structureslie in the second
quadrant. As FigurdO illustrates, theirK/Ka curves rise steeply. Considemelded
wire fabric wall, WW1, constried on 190 at Rainier Avenue irSeattle (Bathurst
Nernheim, and Allen 2009 Figurel5 compares calculations, measurements, and the
design curve of the AASHTO Simplified MethoAr({derson et al. 2012, Bathurst et al.
2009. The bends in the curseeflect the transition capacity, Equati¢®).
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& \ A  measurement
X 22 (S
= B \ & =
S 18 \\ e calculation
16 1S
1.4 \ - e AASHTO

1.2 M--------

0 5 10 15
soil depth (meters)

Figure 15. For WW1: comparison of measurements, calculations, and the AASHTO
Simplified Method. --- measurements from Bathuedtal., 2009

Third Quadrant. Well-behaved geosynthetic reinforced soil stoues lie in the third
guadrant.Consider four pier tests by Defiance County, OH, and other pioneers (Hoffman
and Wu 2015). Values @&f/Ka are calculatedsonverted to deformations, and compared

with test data in Figurg®6.

Observe that the final testtdgpoint departs from the line in each case. This reflects the
onset of transition, Equation (2). Transition is also associated with increased facing

pressure, Section 2.3.
Transition (near 10000 psf) is clearly demonstrated in Figure 17 for facedntawbdi

tests with 16 inch (0.4 m) spacing. These are FHWA Test3 did TF10 (Nicks et al.
2013).
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load (psi)
0 0 100 150
0
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x Aﬁ
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N 4 = Calculation 3
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4 B O Test4
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5 — — —Calculation 4
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(b)

Figure 16. Calculations and measurements for four pier tests

vertical load (psf)
0 10000 20000 30000
0 T T "
2 ® 16" test
§ -4
= -6 \ 16" calculation
g .| 1N
k7] :' O 16" test
E -10 /\' (unfaced)
g -12 9 & e 16" calc
> 14 P \ (unfaced)
| &)
16 ] "\
-18

Figure 17. Calculations and measurements for faced and unfaced tests
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Fourth Quadrant. The four creep studies of Section 2.1id in this quadrant.They are

displayedn quad chart format as Figui&.
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Figure 18. Known instances of creep are right of th&V-line

2.3Facing Pressure

2.3.1Soil Plugand Transition

Facng is material that enables reinforcement tension to develop near the edge of a soil
structure. As depicted in Figure 19, the soil itself acts as facing at moderateTlvads.

is a driving force due to lateral stress in the interior, and thereeissting force due to

friction between the soil plug and the reinforcem&uability requires adequate friction.
Before transition, strain energy density is greatest in the interior of the soil structure.

After transition in a faced structurestrain energy density approaches uniform

maximum value throughout the structure, including the face.
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soil
plug

/ \

face.

(@) (b)

Figure 19. (a) Reinforcement tensionT cannot exceedTr as load increases.(b) At
small loads, a plug of soil acts as virtdafacing. As load increases plug size
decreases. After transitiontension becomes uniform only if there iphysical facing.

2.3.2 CoefficienPropottional to Loaduntil Transition

A stable solil plug isolates the face at small loads. Facing pressexpeacted to be zero

at zero load; however, the pressure coeffic@nthe faceKrace, is also zero due to
isolation. The coefficient remains zero until the soil plug decreases with the approach of

transition,identifiedwith Equation(2).
At the fae, the pressure coefficieHRkace is inversely proportional to the soil plug size,

and that size is inversely proportional to lagdherefore,it is conjectured thakKsace is

directly or linearlyproportional tag.

19



2.3.3Validationfor FacingPressue

FHWA testsTF-6, TF9, TR12, and TF14 were instrumented for facing press(Xecks
et al. 2013 lwamoto et al. 2005 Except for TF12, each tesproduced data to loads
sufficienty large to show a maximum, indicated in Figure 20.

600

©—TF-9 (T¢/S, = 181 kPa)
= TF-14 (T¢/S, = 184 kPa)
@ TF-12 (T¢/Sy = 211 kPa)
~—tr—TF-6 (T¢/S, = 362 kPa)

n
N
o

500

H
o
(=]

400

150 e Maximum values

50 o]

Measured Lateral Pressure at Fatback Cell (kPa)

CDD

o

n
o

0 500 1000 1500 2000 2500
Applied Vertical Pressure (kPa)

Figure 20. Facingpressures from FHWA tests --- adapted from lwamoto et al. 2015

In the three testsnaximumfacing pressurés observedvhenthe load is approximately
1.25times thetransition load. Theselocationsare calculated ad2560 psf (562 kPa),
15780psf (M7 kPa), and33180psf (L790kPa), for TF9, TF14, and TF6, respectively.
Again, the data providestrong evidence thathe transition loadof Equation (2)is

associated with behavioral change in reinforced soil.

While theratio of facing pressure to loasl usually much smadl thanKa, its maximum
observed value is approximatéfy. There are two explanations. First, geometry of the
tests differ, and the pressure cell cannot be located in the identical position in all tests.
Depending upon location, damg pressure fluctuates greatl$econd,K/Ka is usually

about 0.3 due to rotation of principal directions, buapproache®ne wten the face
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becomes shedree @ consequence of Mohr's cirkle Facing of an FHWA pier can

become shedree when it sepates slightly ashereinforcement ruptures.

The preceding comment applies to geosynthetic reinforcement. For steel reinforcement,
the maximum value&K of the ratio will satisfy K/Ka > 1. Facing pressures in steel

reinforced soil are usually much lamgthanthosein geosynthetic reinforced soil.

Based onthe observations ofections 2.3.2 and 2.3.8Bhaximum facing pressurdor

geosynthetic reinforced sdibhs the simple approximation,

& o] 2
S:'ace:Kfaceq:Q q KA_:q_ q

= K 9)
el' 25qult (7] 1 2‘lsqult §

whereq = vertical load andur = WKpT;/S, = transition load from Equation (2)n
summary, it uses the observations thakimumfacing pressure coefficiefaceis

1 linearly proportional t@

1 a maximum aapproximatey 1.25qur (if facing is like FHWAperformanceest)

1 Kawhen theface is sheafree; otherwise, it is less (for a geosynthetic).

Figure 21 shows validation of Equation (9) in two ways. First, Equation (9) is evaluated
and plotted against test data for FHWA TestalF

Second, Equation (9) is inverted. It expressesfppressure as a function of capacity;
therefore, its inverse expresses capacity as a function of facing pressure. This is validated
against the GSGC tests at FHWA (Wu et al. 2010). The GSGC tests were shrink
wrapped tests; that is, facing was remowed] using a vacuwtight membrane, partial
atmospheric pressure was applied. Figure 21(b) shows that the calculated capacity agrees

with measured capacity.
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(@)

(b)
Figure 21. Validation of (a) Equation (9) against TF9 data and
(b) its inverse aganst GSGC data

2.4 Facing Deformation

Lateral deformation is calculated and compared with FHWA data from Tegt(lNicks

et al., 2013) and from Generic Soil Generic Composite (GSGC) Tests 2 and 4 (Wu et al.,
2010). The lateral strain is calculated frogfaimation measurements at the faces of the

test structures.

2.4.1 Elastic and Plastic Strain
For a point and for a small time interval, behavior can be classified as either elastic of

plastic. For elastic behavior, the ratio of lateral and verticainsis J /0y = 3 Poisson's
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